Filter-On-Chip CMOS sensor equipped cameras are a convenient, reliable and affordable approach for the parallel acquisition of spatial and spectral information. The combination of pixel-arranged spectral filter matrices on CMOS sensors increases their integration density and system complexity by several times compared to standard RGB cameras. Due to their system design, these cameras have an increased spectral crosstalk and specific dependencies from the angle of radiation. The paper will show how to develop and set up a measurement arrangement for the characterization of the channel specific spectral sensitivities under different angles of radiation. These characterizations are necessary to develop a more robust model for the camera pixel-value correction to ensure the comparability and reproducibility of the measured values. Therefore, a measurement setup to investigate the influence of the angle of incident radiation on filter-on-chip CMOS sensors was developed. After initial investigations with a setup in which the camera was simply rotated and investigations with a lens and changed f-number confirmed that the angle influence results in a measurable difference in the sensor response, a new measurement arrangement was developed to investigate this behavior more precisely. The developed measurement arrangement allows multispectral resolving image sensors to be radiated with collimated light at reproducible angles of incidence and with adjustable wavelengths. By comparing the measured values with illuminances measured using a calibrated photodiode in the same setup and with the same parameters, it is possible to evaluate the angle dependence based on quantum efficiency curves according to the EMVA 1288 standard. The investigations carried out, the developed principles and the realized semi-automatic measurement arrangement will be shown and explained to characterize the capabilities of multispectral resolving filter-on-chip CMOS sensor equipped cameras for applications in industry and biomedicine.
INTRODUCTION
The spectral resolution of the examined multispectral resolving filter-on-chip cameras is realized by Fabry-Pérot filters applied to a CMOS sensor. In the cameras examined here, 16 different filters are applied to the pixels of the image sensor in a recurring 4 4 mosaic (Figure 1, left) . A section through four filters should illustrate the structure of the filters ( Figure  1 , right). It can be seen that the different filters have different thicknesses, which are called cavity heights. This is due to the way the filters work, which is explained below. In this context, the possible reasons and consequences of the angle dependence of multispectral resolving filter-on-chip CMOS sensors, which can be traced back to the system-related properties of Fabry-Pérot filters, are discussed. Fabry-Pérot filters are based on interference phenomena on thin layers and thus on the wave characteristics of electromagnetic radiation Depending on the refractive index and the thickness of the material between the mirrors, as well as the angle of incidence of the radiation, constructive interferences result for certain wavelengths (1) [1] , [3] . ⋅ = 2 ⋅ ⋅ ⋅ cos
Where stands for the harmonic order of the respective maximum, for the wavelength that is amplified or transmitted, for the refractive index of the material between the filters, and for the angle of incidence. Figure 2 . Functioning of Fabry-Pérot interferometers according to [2] ; -distance between the (partially) reflecting layers; -angle of incidence of radiation For the spectral filter application, this means that wavelengths at which constructive interference occurs are transmitted by the filter as shown in Figure 2 , whereas all other wavelengths are blocked [4] . If the radiation falls vertically ( = 0°) on the filter, a peak wavelength can be defined by changing the equation (2) at a vertical incidence of light ꓕ (2).
If refractive index and distance remain constant, this can be used again in equation (1) , so that for the respective maxima of order with non-perpendicular incidence of radiation a shift of the peak wavelength results (3).
The transmitted wavelength is thus shifted towards shorter wavelengths as the angle of incidence increases. With multispectral resolving filter-on-chip cameras, this effect causes the transmitted wavelengths of the filters to differ depending on the optics used or the aperture number used. In addition, a widening of the transmitted bands at larger aperture diameters (smaller f-number) and thus larger angles of incidence is to be expected [5] . The increase of the Full Width at Half Maximum (FWHM) as a descriptive variable for the transmitted bandwidth is because the radiation from imaging optics does not collimate at a defined angle to the sensor surface, but in a cone around a so-called Chief Ray Angle (CRA) (Figure 4 ) [5] . It can also be seen that the angle of incidence changes across the sensor surface and continues to rise towards the edge. However, a reduction of the aperture diameter, which results in narrower cones around the CRA, leads to less light hitting the sensor, which must be compensated by higher exposure times. This leads to increased dark noise and blurring of moving objects. The manufacturer of the multispectral resolving filteron-chip cameras specifies a /2.8 as the optimum compromise [5] . Figure 3 . Chief Ray Angle (CRA) and cone of incidence angle as a function of pixel position ( -diameter of lens; -focal length) [3] In addition to the change in the peak wavelength, a decrease in the transmission of the filters for radiation arriving at a larger angle can also be expected. This is because the radiation is emitted laterally to the edge of the filter when the incidence is not perpendicular [1] . When the Fabry-Pérot filters are arranged on the CMOS sensor, this means that the radiation cannot land at the edge of the filter, but in an adjacent filter element of the monolithic filter matrix (see Figure 1 , right). In this case, the result is optical crosstalk to the neighboring pixels, which also increases with increasing angle of incidence. A third angle-dependent disturbance variable can result from the different cavity heights of the filters. If higher cavities are next to lower ones, a part of the lower cavities may be obscured by the higher ones ( Figure 4 ). Figure 4 . Possible masking of parts with low cavities by filters with higher cavities at oblique incidence of radiation Such an influence would manifest itself in a dependence on the direction from which the radiation comes. For this reason, the irradiation of the sensors at known angles of incidence from different directions also seems to make sense to be able to investigate this direction dependency.
STATE OF THE ART & DEVELOPMENT TASKS
This chapter presents the results of research on previous investigations into the angle dependence of cameras or image sensors. The used optical principles shall be emphasized to develop an own experimental setup on this basis.
State of the Art
In [6] and [7] , respectively, investigations on the quantum efficiency and optical efficiency of image sensors are presented, whereby, among other things, the influence of the angle of incidence on the sensors is considered. In the first variant, the image sensors are mounted on a turntable as shown in Figure 5 , left and irradiated with collimated radiation. As a second variant, a uniformly illuminated surface was imaged on the sensor via an optical system ( Figure 5, right) . The individual pixels of the sensor surface were thus each irradiated by a radiation cone. In this case, the angle (or angle range) incident on the sensor increases with increasing distance from the center of the sensor. A CRA of 0° is thus present in the center and the largest possible CRA is present at the edge of the sensor.
In [3] and [5] the angle dependence of the multispectral resolving filter-on-chip camera is pointed out and this is documented by diagrams showing the different filter transmission curves at different aperture numbers. However, the test setups used to determine these curves are not discussed in detail. Because of the determination of these angle dependencies, only a recommendation for an aperture number of /2.8 is given. Figure 5 . Experimental set-ups for investigating the angle dependence of image sensors [7] 2.2 Development Tasks As described in the previous chapters, for various reasons an angular dependence of multispectral resolving filter-on-chip cameras with monolithically applied Fabry-Pérot spectral filters can be expected. The aim of this thesis is therefore to develop a measuring arrangement that allows a comparison of different image sensors with respect to their angle dependence. The measurement setup to be developed should make it possible to irradiate the sensor with radiation at defined angles of incidence. By varying the direction from which the angle of incidence hits the sensor surface, it should be possible to evaluate the directional dependence of the angle influence. Since the influence on the quantum efficiency of the individual channels as a function of the wavelength of the incident radiation is of interest for the spectrally resolving sensor systems under consideration, it is necessary to tune the radiation in the smallest possible steps over the entire wavelength range of the sensor. The plausibility of the measurements with the measuring system should be based on the evaluation and discussion of a measurement performed and the values determined from it. This should uncover possible inaccuracies and improvement potentials.
To enable a comparability of the results with other measurements, the calculation of values and the measurement methods shall be based on the EMVA 1288 standard [8] as far as possible. In the first step of the design process, the target values are defined which are to be at least fulfilled by the measurement setup. The range in which the angle of incidence on the image sensor moves when a lens is used is determined by the design conditions of the respective camera and lenses. Figure  6 shows the beam path between lens and image sensor using the edge beams and the main beam angle. As can be seen, the incident radiation is not collimated, but always a cone-shaped beam falls on a certain point of the sensor. This angle range changes over the sensor surface. The further away a pixel is from the optical axis of the lens, the greater the Chief Ray Angle (CRA). Since the sensor center is normally located in the optical axis of the lens, the CRA at this point is 0°. Using the diameter of the lens and the distance from the lens to the sensor and the sensor diagonal, maximum CRA and maximum angle of incidence can be calculated with the aperture fully open.
The diameter of the lens and the distance are given by the C-mount thread of the cameras to be examined. The flange focal distance , i.e. the distance from the sensor surface to the end of the thread, is 17.526 and the thread diameter is 25.4 [9] . If an iris diaphragm is used, the effective diameter of the optics is reduced by closing the diaphragm to reduce the amount of incident radiation. This is done by reducing the incident radiation cone and thus also by reducing the existing angle range. -diameter of optics; CRA -chief ray angle; -sensor diagonal; -flange focal distance / distance between sensor and optics;
-maximum angle of incidence These values are used for simplification here to calculate the maximum angles of incidence, as these are standardized sizes. The distance to the optics is somewhat smaller due to the screw-in depth of the thread (which increases the angle) and the lens diameter is smaller due to the edge of the lens mount than that of the C-mount thread (which in turn reduces the existing angle of incidence). With the existing sensor diagonal the existing angle of incidence can be calculated (4), (5). 
Note: Investigated Camera/Sensor is Snapshot-Mosaic 4x4; CMOSIS CMV2000, Pixelsize = 5,5 5,5 µ ²; Sensor Width = 2048 ; Sensor Height = 1088  Sensor Diameter = 12,74 [10] However, the maximum angle of incidence that can be set with the measuring setup is limited by a further requirement. The camera should be mounted using a sleeve that is attached to the camera using a C-mount thread instead of a lens. By simply inserting the sleeve into a receptacle, it should be as easy as possible to exchange it for a photodiode with such a sleeve, for example, which is necessary for determining quantum efficiency, among other things. This sleeve limits the maximum angle of incidence (6) .
Note: , = inner diameter of the sleeve and = length of the sleeve Figure 7 shows that at larger angles only part of the sensor is illuminated. If, for example, only one half of the sensor is to be illuminated (Figure 7 , right), the following maximum angle of incidence can be achieved (7). The step size for the angle change is set to at least 1° to be able to represent as continuous a course of the angle influence as possible. The minimum step size for changing the wavelength is determined by the radiation system used. With the available system, the minimum adjustable step size is 1 . According to the calibration protocol of the camera manufacturer, the smallest FWHM of a filter channel in the examined camera is approx. 6.5 [11] . Thus, the step size of the radiation is enough to display the progression of values such as quantum efficiency in a sufficiently detailed resolution. According to the EMVA 1288 standard, only a step size smaller than or equal to 2 FWHM is specified, which is clearly observed [8] . According to the EMVA 1288 standard, the wavelength range should be from 350 to 1100 . However, since the camera used is equipped with a bandpass filter for the 450 to 650 range, only this range must be considered.
DEVELOPED MEASUREMENT PRINCIPLE AND MEASUREMENT ARRANGEMENT
Snapshot-mosaic filter-on chip CMOS sensors show an angle dependency from the incident radiation. This must be characterized and therefore a measurement arrangement and value interpretation was developed. To circumvent the influences of the accuracy of moving components, a design is developed that is independent of positioning errors. This is achieved by using an arrangement of pinholes, only one of which is radiated at a time. Behind this pinhole array, the beam is deflected by a lens depending on the position of the radiated aperture. The positioning of the radiation source must therefore, only be precise enough to always irradiate only the desired aperture. If this is successful, no further influence of the positioning accuracy of the radiation source is to be expected. If the lens is mounted at (focal length) from the aperture array as shown in Figure 8 , it acts as a collimator for the radiation through the apertures. If the radiation source is not on the optical axis of the lens, this results in an angle dependency on the distance between optical axis and radiation source at which the collimated radiation leaves the lens. The angle of incidence can be calculated (8).
= tan
Where is the focal length of the lens and is the distance from the optical axis. However, the implementation of this structure shows that this only works if the light diffusely leaves the respective apertures of the array. If, for example, an aperture array made of a simple sheet metal (0.1 ) is used, the light falling on the sensor is not homogeneous. To achieve a homogeneous illumination of the image sensor, the use of a diffuser is necessary. This function is performed by the matt side of the glass pane, on which the aperture array is applied in the form of a coating. The physically realized structure with which this principle is realized is shown in Figure 9 . In addition to the previously described components of the principle shown in Figure 8 between the individual apertures of the array and a diameter of 7 at the output of the optical fiber, only a very small distance between the aperture array and the fibre end would be permissible without this focusing in order not to also illuminate adjacent pinholes/apertures through the radiation cone. Thus, the use of this focusing lens also facilitates the positioning of the radiation source. Radiation source and aperture array each have 2 (double focal length) to the lens to achieve focusing. Due to the focusing lens, the movement of the radiation point on the aperture array is always opposite to the movement of the linear table. If the distance between lens and aperture array and between lens and radiation source is not exactly 2 of the focusing lens, the step size for moving between the apertures also deviates from the distance between them.
The yz-positioning is partially automated in the realized setup. In detail, this means that the y-direction can be controlled by a motorized linear axis via the Matlab measuring program and the movement in the z-direction must be done manually. . From these distances from the center, which should be in the optical axis of the angle determining lens, the angle of incidence results according to equation (8) . Figure 10 . Pinhole array; Distances of the different pinholes to the center of the array whose center should be in the optical axis A prerequisite for this is that the angles at the different apertures are the same, however, that the middle pinhole lies exactly in the optical axis of the lens and that the array is aligned straight. Whether the array is straight can be checked by simply moving one of the linear axes. If, for example, the radiation point "jumps" upwards or downwards when moving the yaxis, the array is rotated around the x-axis and must be realigned. A coarse alignment of the center of the aperture array in the optical axis can be done after or during the alignment of the angle-determining lens behind the array in the light direction. To align this lens, i.e. to adjust its position in the x-direction, it is set up in such a way that the aperture array lies exactly in its focal point. To do this, it is first inserted approximately into the assembly based on its focal length. Then a measuring standard is attached to the rider with the camera mount (Figure 9 , No. 6).
When the radiation is switched on, a circle is displayed. If its size changes when the tab is moved, the lens is not yet in the correct position and must be moved further. If the circle becomes larger when the rider moves towards the lens or if there is a pixel at which the diameter of the circle is minimal (theoretically equal to the aperture diameter), the lens is too far away from the aperture array. If the circle becomes larger as the distance from the lens increases, the lens is too close to the aperture array and must be moved a little further.
The alignment of the middle aperture of the array can also be checked with this procedure. As before, the middle aperture must be illuminated and the tab with the camera holder moved in the x-direction. If the position of the imaged circle changes during the movement, the array must be moved in the direction in which the circle moved when approaching the lens. Since the refraction of conventional lenses depends on the wavelength used, the actual angle of incidence would change with different wavelengths (longitudinal chromatic aberration). If the radiation had a shorter wavelength, a larger angle of incidence would be available with the same test arrangement than with larger wavelengths. Since the angle influence is to be determined over the entire spectral range of the respective sensor, this circumstance would lead to interference influences on the measurement result. The longitudinal chromatic aberration can be avoided as far as possible by using an achromatic lens, since these lenses have a focal length that is significantly more independent of wavelength. Achromatic lenses, or rather lens systems, usually consist of two cemented lenses with different Abbe numbers, i.e. different color dispersion. By the dispersion lens set on the collecting lens with larger but opposite color dispersion, the longitudinal chromatic aberration can be corrected as far as possible, so that the angle of incidence on the image sensor remains constant over all wavelengths [12] . Achromatic lenses with focal lengths = 60 and = 90 are used, resulting in the following angles of incidence (Table 1) . Figure 10 from the y-and z-axis, focal lengths and the resulting angles of incidence dy [mm] dz [mm] Directly behind the achromatic lens, the tab with the camera holder is positioned, into which a photodiode can be inserted in addition to the camera. The used diode of type "Texas Instruments OPT 101" can be seen Figure 9 , No. 6. According to the data sheet [13] , the influence of the angle of incidence is negligible in the range given here. This is different regarding the dependence on the wavelength of the incident radiation. Calibration data or a correction function are available for the diode, which can be integrated into the Matlab measurement sequence. In addition to the wavelength of the incident radiation, which is set on the monochromator, it also considers the dark signal and the offset of the sensor. This is averaged over 100 measured values before the measurement with the radiation source switched off.
After determining the offset of the photodiode, the respective measurement sequence (constant focal length and z-position; variable wavelength and y-position) is run through with the photodiode used to determine the irradiance ( , ) at the point where the image sensor will subsequently be located. To do this, 100 individual values are recorded with the diode, a correction is made based on the wavelength dependence of the diode using calibration data and the irradiance is determined from this. After all measurements have been carried out with the photodiode, the camera to be examined is used in its place. With this camera, images are first taken in darkness to determine the dark noise or the offset µ , . This is primarily dependent on the selected exposure time , so that for measurements with different exposure times as many offsets µ , must be recorded as there are exposure times. The image sensor is then irradiated with the same wavelengths and angles as the photodiode so that a direct comparison can be made between and µ , e.g. on the basis of the calculated quantum efficiency ( , ). The determination and calculation of values such as dark noise µ , , mean grey value µ and quantum efficiency is based on the EMVA 1288 standard [8] , which is also used for the designations and notations of the measured values. The determination of the mean gray values µ and mean gray values µ , in darkness is performed from a pair of images, i.e. two successively acquired images and according to equation (9) .
and describe the image size in pixels, which lie in the considered area (ROI -Region of Interest) and and stand for the respective row and column, in which a pixel is located. The calculation of the quantum efficiency according to EMVA 1288 standard includes, as can be seen in equation (10), illuminance , grey value at darkness µ , and mean grey value µ as well as other variables which must be determined in advance.
stands for the overall system gain, and µ for the average number of photons, which includes the irradiance , the area of a pixel , the exposure time , the wavelength as well as the Planck constant ℎ and the velocity of light (11) .
The system gain is a constant value and is determined using the photon transfer curve (PTK). The PTK represents the standard deviation ( − , ) as a function of the mean grey value (µ − µ , ) (12).
To determine the PTK, the sensor is irradiated in the wavelength of the filter band to be investigated and an image pair is acquired in each case with the exposure time increasing in uniform steps. The radiation is directed towards the middle pinhole, i.e. the radiation falls vertically on the sensor. As the exposure time increases, and µ rise until the sensor reaches the saturation range µ , above which the standard deviation decreases again. The factor is then calculated from the slope of the linear part of the curve up to 0.7 µ , .
Thus, after the previously described determination of the offset of the photodiode in darkness, all wavelengths of the spectrum that can be imaged by the camera to be examined are passed through one after the other in a given step size and the irradiance is measured in each case. The values determined for are collected together with the respective parameters (angle, wavelength). This procedure is repeated for all angles of the measurement series. The photodiode is then replaced by the camera and the sequence is repeated. After each image pair has been captured, the images are also split directly into their individual filter bands and the two resulting image stacks are saved. This allows further evaluations to be carried out later, such as crosstalk analysis.
The calculation of the mean gray values µ and the calculation of the quantum efficiency η is done directly after saving the image stacks. These values are also added to the table with the irradiances and parameters before the next wavelength or angle is set. After the wavelengths and angles have passed through, the table is saved as a .mat file and can be exported to an Excel file for evaluation. Thus, after the measurement, ( , )-diagrams can be created very quickly, which allow an evaluation of the angle dependency. Since measurement with photodiode and measurement with camera are not carried out simultaneously during this procedure, temporal fluctuations of the radiation may influence the measurement results.
With a parallel radiation of diode and image sensor this deviation would not exist, which would be possible by using a 50 /50 beam splitter. However, since the transmission-reflection ratio of beam splitters is angle-dependent, and the incident light is only exactly halved for a vertical incidence, the use here is not possible or useful. However, the heating phase for camera and radiation source described above prior to the start of measurements is intended to minimize at least the temperature-related temporal fluctuations. A temporal influence would manifest itself as a random error of the measurement results, which can be determined by multiple measurements.
MEASUREMENT RESULTS
To be able to recognize and evaluate the differences and influences, different display modes and evaluation methods are necessary. For example, the characteristic curves of a single filter band can be directly compared with each other at different angles of incidence ( Figure 11 ). In Figure 11 the recorded filter characteristics of a filter band at different angles of incidence are compared. All values are recorded with the achromatic lens with a focal length of = 60 . It can be clearly seen that as the angle of incidence increases, there is an increasing shift of the maximum in the direction of shorter wavelengths. This observation can also be made with all other recorded data. The reason for this lies in the general functionality of Fabry-Pérot filters as they are applied to the sensor to realize different spectral bands. The harmonics of the filters i.e. the transmission maxima, shift towards shorter wavelengths in oblique radiation incidence.
In addition to the magnitude and position (or wavelength) of a quantum efficiency maximum, the FWHM around such a maximum also represents an important descriptive quantity. It provides information about the bandwidth of the filter transmission peak. To describe a quantum efficiency peak, only these values are given instead of an entire filter curve to simplify matters. To describe the shift of the peak due to the oblique incidence of radiation, the magnitude of the quantum efficiency can also be omitted. Thus, one receives representations, as in Figure 12 , which give information about the course of the harmonics with changing angles of incidence. A difference between the change of the limits of the FWHM and that of the transmission maximum cannot be recognized from these curves. When drawing the peak wavelength from the calibration protocol of the manufacturer (Figure 12, blue) , the peak at small angles of incidence and perpendicular incidence is, contrary to expectations, above the specified wavelength.
Due to the collimated radiation, the peak occurs at higher wavelengths than expected and with increasing angles the peak wavelength decreases in approximately parabolic form (Figure 12 , orange) until it falls below the manufacturer's specification. 
SUMMARY
The aim of this work was to develop a measurement setup to investigate the influence of the angle of incident radiation on image sensors, more precisely on multispectral resolving filter-on-chip CMOS sensors. After initial investigations with a setup in which the camera was simply rotated confirmed that the angle influence is of an order of magnitude that results in a measurable difference in sensor response, a new set-up was developed to investigate this behavior more precisely.
This allows image sensors to be illuminated with collimated radiation at reproducible angles of incidence and with adjustable wavelengths. By comparing the measured values with radiations measured using a photodiode in the same setup and with the same parameters, it is possible to evaluate the angle dependence based on quantum efficiency according to the EMVA 1288 standard. The measurements performed show an average shift of the peak wavelength of the sensors by approx. 5 in the negative direction, i.e. blue, with a change in the angle of incidence from 0° to 10.7°. A correction formula was also derived from the determined relationship between the angle of incidence and the shift of the peak wavelength. However, this only applies to collimated radiation.
In order to use it for image acquisition, it is therefore necessary to know the CRA and the cone of angles of incidence at each point of the image sensor for which the correction would have to be adjusted separately. These values would have to be determined separately for each lens used and after each change to the aperture or focus, which would require considerable effort and was no longer part of the objective of this work. Modeling and correction for the distribution of incident angles for an ideal finite aperture is described in [14] .
A generalized model and practical method to estimate model parameters and a correction of undesired shifts in measured spectra for the common case of vignetted aperture is proposed in [15] . The most important cause for the angle dependence of the camera system under investigation is identified as the functionality of Fabry-Pérot filters on Filter-on-Chip CMOS sensor systems. The angular dependence of the peak wavelength is conditioned in principle by these interference filters and is even exploited in other applications to selectively change the maximum transmission of the filters. With other disturbance variables, such as the optical crosstalk caused by the radiation "passing" into adjacent filters, which were described in the consideration of the theoretical principles, no connection with the angle of incidence was discernible. The influence of the direction from which the radiation hits the sensor at an angle cannot yet be conclusively assessed on the basis of previous results. The order of magnitude in which a possible direction dependency of the sensor systems lies, however, will be clearly smaller than that of the angle of incidence, as the previous results suggest. In order to be able to determine reliable data on the influence of the angle of incidence, a more precise adjustment of the existing angle of incidence, e.g. by a wavefront measurement, is necessary.
